We examined by two-dimensional photoemission band mapping the electronic structure of Au films epitaxially grown on an Ag(111) substrate. The very similar structural and electronic properties of the two metals make this system extremely unfavorable for the occurrence and observation of electron confinement effects. At variance with previous spectroscopic studies, we show that the electron reflectivity at the interface sustains the formation of well-defined sp-derived quantum well states (QWS) and weak quantum well resonance states (QWRS) in the Au layers. The character and degree of confinement of these states are analyzed and quantitatively related to the Au/Ag interface reflectivity on the basis of density functional theory (DFT) band structure calculations.
I. INTRODUCTION
A quantum well confines into two or one dimensions particles which are originally free to move in space. The surface and interface potentials of an ultrathin film, supported by a substrate, can behave like the reflecting walls of a twodimensional (2D) quantum well for the electron waves. Electron confinement gives rise to a series of discrete QWS, with quantized momentum along the surface normal direction. 1 Fully localized QWS form in the film if the electron energy corresponds to an energy gap of the substrate band structure. This is the typical case in semiconductor superlattices where the fundamental gaps of the semiconductors play the role of a barrier for the carrier confinement. [2] [3] [4] An analogous situation is found in metallic systems, in correspondence with symmetry-related gaps extending over specific wave vector-energy regions. Fully confined QWS can form in a film within those regions when they cannot couple for symmetry reasons to other degenerate substrate states. 5, 6 More generally, a partial electron confinement in metallic films can be attained to various degrees depending on the matching conditions between film and substrate states. 1, 7 It has been shown that QWS or partially confined QWRS form rather commonly in metal films. [8] [9] [10] [11] Like in a classical Fabry-Perot interferometer, the amplitude of the confined electron waves can be described by their reflection and transmission occurring at the interface between the media. When the two materials have a very similar band structure, the potential change at the interface is minimal and the reflection is negligible. In such a case the interface is almost transparent for the propagation of the electron waves and common bands form between the film and the substrate.
Among the metals, Au and Ag have the same crystal structure, nearly perfectly matched lattices, and very similar band structures. Thus, the Au-Ag system is conceivably one of the worst candidates for the formation and observation of QWS and QWRS. Previous investigations proved that well defined QWS and QWRS exist in Ag films grown on Au(111) only in a very small energy range at the center of the Brillouin zone, in correspondence or in very close proximity to a gap of the 2D-projected Au bulk bands. 12, 13 The Ag sp bands, otherwise very similar to those of Au, are slightly offset near the Fermi level to higher energy with respect to the Au states. In the reversed system, Au films on Ag(111), the Au sp states are practically degenerate everywhere with substrate states and can couple with them for any energy-momentum state. Photoemission studies of Au films on Ag(111) substrate indeed did not observe any QWS or QWRS in the direction normal to (111) surface and concluded that the Au sp states cannot be confined. 12, 14 This is therefore considered to be a paradigmatic case where reflectivity across the metal-metal interface is negligible.
In the present work we investigate electron confinement effects in Au films grown on Ag(111) substrate, performing a full 2D band mapping by means of angle resolved photoemission spectroscopy (ARPES). We report the observation of welldefined Au QWS and weak QWRS originating from bands with various characters. Detailed theoretical calculations taking into account the hybridization of Au sp states with the semi-infinite Ag(111) substrate closely reproduce the experimental observations. The experimental and theoretical results show that the reflectivity across the Au-Ag interface is sufficient to localize QWR and QWRS over the whole energy and momentum region spanned by the Au sp electrons. The character of the Au film states is found to vary from very faint resonances, due to a very weak but finite reflectivity, to fully confined states, depending on their symmetry and binding energy.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The experiments were carried out at the VUVphotoemission beamline of the Elettra Synchrotron Light Source, Italy, using a Scienta R-4000 electron analyzer. Valence band photoemission spectra were collected with a photon energy of 57 eV. Total energy and angular resolutions were 45 meV and 0.015Å −1 , respectively. Prior to the deposition of Au films, the Ag(111) substrate was prepared by cycles of Ar + ion sputtering and annealing to 750 K. The clean Ag(111) surface showed a sharp (1 × 1) low energy electron diffraction (LEED) pattern with very low background and no presence of C and O signals in the core-level photoemission spectra. Thin Au films were then produced by in situ deposition onto the Ag(111) substrate held at 150 K, followed by a slow warming up to 323 K. Core-level spectra did not show any changes of spectral shapes and relative intensity of the Au 4f and Ag 3d levels before and after annealing, indicating that no intermixing occur between Au and Ag. 12, 15 All photoemission data reported here were obtained at 150 K. Constant energy cut at the Fermi energy (i.e., Fermi surface) were acquired by collecting photoemission intensity maps over an azimuthal angular range of 60
• in steps of 1 • between the¯ −M and thē −M symmetry directions, and then symmetrizing them to get full two-dimensional contours.
DFT calculations were performed using the Jülich FLEUR code. 16 On the basis of the full-potential linearized augmented plane wave method 17 and the Greens function embedding method, 18 this code allows not only the efficient treatment of transition metal surfaces and interfaces but also calculates transport properties at truly semi-infinite surfaces. The key quantity to enable the comparison to experimental data is the Bloch spectral function A(ε, k), which can be understood as the energy-and momentum-resolved density of states. Neglecting any matrix element effects, this quantity is expected to resemble the ARPES data. To mimic the surface sensitivity of the photoemission process, we calculated the Bloch spectral function projected onto the surface atoms of our system with exponentially decaying contributions from deeper layers. To achieve a realistic simulation, proper treatment of the semiinfinite substrate is crucial, which ensures that a continuum of states is simulated. Within this continuum the truly localized states appear as δ-function-like peaks, while resonances can be identified by broader structures, indicating a finite lifetime. Hence, localized states at the surface or in an adlayer can be identified easily. 19 To compare with the experimental data, we calculated the Bloch spectral function of a setup consisting of 12 monolayers (ML) of Au attached to a semi-infinite Ag(111) substrate. The interface Ag was included in the surface calculation directly, while the effect of the remaining substrate was taken into account by the embedding self-energy, which is a property of bulk Ag. An averaged in-plane (fcc) lattice constant of 4.085Å has been assumed with an interlayer spacing of 2.355 and 2.359Å for Au and Ag, respectively. For the exchange and correlation potential we used the local density approximation. 20 The proper treatment of relativistic effects by including the spin-orbit coupling was necessary to obtain a good agreement for the bandwidth of the d states and to obtain a Rashba-type spin-orbit splitting of the surface states. Apart from this, spin-orbit coupling does not significantly affect the transmission properties of the Au/Ag(111) interface.
In the second setup we calculated the transmission properties for electrons across the Au-Ag interface by considering semi-infinite Au attached to semi-infinite Ag. Using a transport code implementing the Landauer-Büttiker formalism 21 we obtained the total transmission probability of electrons impinging on the interface for each energy and k point
In the case of a single band, the calculated transmission equals the square of the transmission amplitude, which is directly related to the reflectivity of the interface as 1 = |t| 2 + |r| 2 and hence provides a measure for the localization of a quantum well resonance formed in the Au film. In particular, in a situation with perfect transmission the reflectivity will vanish and no resonance is formed, while zero transmission will lead to the formation of completely localized quantum well states. Fig. 1(b) . Here the normal emission spectrum correspond to the one reported in literature 12,13 and does not display any additional prominent features besides the Shockley surface state. However, a careful examination of the EDCs in the¯ −M direction reveals very weak and broad structures dispersing towards E F for increasing emission angle. Moreover, relatively sharper and well-defined features, highlighted by green arrows, are observed near the high-symmetry pointM. The different spectral intensity of the states suggests that the confinement of the electrons in Au film on Ag(111) occurs to a widely different extent, depending on the electron energy and wave vector. It appears to be higher for the sp bands near theM zone boundary, a fact that can be related to the presence of a gap around this high-symmetry point in the surface projected Ag band structure.
III. RESULTS AND DISCUSSION
In order to enhance the very faint features present in the spectra, we normalize the area enclosed by the EDCs in Further information on the character of the quantum confined states is provided by the Fermi energy contours, shown in Fig. 2(c) for a 10 ML Au film. The innermost and the most prominent circular state near the point arise from the Au surface state. A series of concentric circular quantum well states around the point closely correspond to the expected contours of the Au sp-derived states. 22 The n = 1, 2, and 3 bands as well as the SS are nearly isotropic about the center of the surface Brillouin zone. States with higher n exhibit a hexagonal-like energy contour with corners lying along thē −M axis of Au(111) surface Brillouin zone, because of the gap opening occurring at theK point.
The experimental findings can be analyzed with the help of the DFT calculations. Figures 3(a) and 3(b) show the experimental results over an extended energy range and the corresponding Bloch spectral function of 12 ML of Au film on a semi-infinite Ag(111) substrate along theK −¯ −M direction for comparison. The unique feature of our band structure calculation is the treatment of the semi-infinite substrate, which ensures that a continuum of states is simulated and therefore localized states at the surface or in the film can be identified. Correspondingly, the value of the Bloch spectral function is visualized by the color code/intensity scale, which enables a simple comparison with the experimental observation. 19 The calculations closely reproduce the band dispersion of sp and d states presented in Figs. 2(b) and 3(a) . The surface states and the Au d bands appear as the most intense features in the theory as well as in the experiment. The electronic structure of the d states in the 2-6 eV energy range is dominated by relatively sharp bands, due to substantial energy difference between the Ag 4d and the Au 5d states leading to strong confinement and formation of QWS in Au. Two other notable features are the formation of quantum well states in the lower part of the sp band beyond approximately 7 eV binding energy, at the point and, especially, some weak features in the sp band within 2 eV from the Fermi level. Note that in the lower part of the sp band the bottom six bands are rather sharp, while the bands in between 7 and 8 eV are broadened due to the overlap with the Ag s band. The sharp parabolic band at 7 eV is a surface state that is also clearly seen in the ARPES [ Fig. 3(a) ] and was found in a DFT calculation earlier. bands in this energy region are strongly degenerate, the Au/Ag interface does not show perfect transmission T 2 (which would lead to an integer transmission, corresponding to the number of bands projected to this particular area in 2D k space). There exists a small but finite electron reflectivity (R 2 = 1 − T 2 , between 0 and 1), which leads to the formation of weak QWRS in the Au film, though the transmission for most of the investigated k and energy is very close to unity. In the energy and k range in which sp-like states are present in both Au and Ag, the reflectivity is extremely small, being close to 0.02. It is this very small, but finite value of the reflectivity which leads to the formation of the experimentally observed weak QWRS. The calculated QWRS bands are very weakly localized in the Au film, as indicated by the color code in Fig. 4 . The typical linewidth of these resonance states is around 0.3 eV. The lifetime corresponding to the localization of the electron is about 1 fs. On the other hand, the group velocity of Au electrons close to the Fermi level (at a k point 10% of the line along the¯ −M direction) is of the order 2 nm/fs. Hence the time required for the electron to travel through the Au film is significantly longer (approximately 8 fs) demonstrating the weak confinement. The expected exceptions are located close to¯ and at higher energies in the energy-momentum space aroundM and nearK where no Bloch states are present in the semi-infinite substrate. This explains the formation of prominent Au surface state and sharp and intense features in these gaps. As observed in the experimental spectra, the resonances are rather flat in this energy range. At an energy of about 1 eV a change in slope can be observed in the dispersion of these resonances, which is in agreement with the earlier measurements on Au QWS. 25 At energies higher that 2 eV we observe a very structured transmission map resulting from symmetry selection rules of the states of different characters that meet in this region.
IV. CONCLUSION
In conclusion, we report the observation of quantum confined states in Au films grown on an Ag(111) substrate. The results emphasize that electron quantum confinement is a quite general property of metal film and multilayer systems, even for closely matched elements. Despite the very similar structural and electronic properties of the two metals, angle resolved photoemission shows that electron confinement gives raise to well-defined QWS and to weak QWRS in the full energy range spanned by the Au sp-derived states. The experimental results are understood with the help of DFT calculations which relate the degree of confinement to the finite electronic reflectivity across the Au/Ag(111) interface. The theoretical data show that a reflectivity of a few percent at the interface is sufficient to ensure the formation of observable QWRS. 
